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Resonance-Free Low-Pass Filters for the AC
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Abstract—We have designed and characterized supercon-
ducting integrated circuits for the ac Josephson voltage standard
that demonstrate significantly improved performance. The
typical circuit consists of an array of superconductor–normal
metal–superconductor Josephson junctions, which are placed in
a transmission line and biased with a broad-band (dc-to-15 GHz)
pulse-drive waveform. Additional low-speed (dc and audio fre-
quency) bias and output leads contain on-chip inductors that
act as low-pass filters. The operating margins of the array were
improved by adding resistive shunts across these inductors to
damp their intrinsic resonances. These resonances had previously
degraded the integrity of the broad-band signal driving the array.
We present simulations and measurements of these improved cir-
cuits that demonstrate no resonances in the range of 0.1–20 GHz.
Moreover, the operating margins of the ac Josephson voltage
standard were improved.

Index Terms—Digital–analog conversion, Josephson arrays,
microwave circuits, quantization, signal synthesis, standards,
superconductor–normal–superconductor devices, voltage.

I. INTRODUCTION

J OSEPHSON junctions have proven to be the basis for all dc
voltage standards over the past 20 years [1], [2], by using

the constant-voltage steps that appear in the dc current–voltage
( – ) characteristics [3]. Series arrays of several thousand
Josephson junctions produce dc voltages up to 10 V. Accurate
arbitrary waveforms and ac voltages have also been synthesized
with Josephson junction arrays by use of digital-to-analog
conversion techniques to generate programmable sequences of
perfectly quantized Josephson pulses [4], [5]. Unlike the dc
devices, the ac Josephson devices need broad-band response, dc
to 15 GHz, since the drive is no longer a continuous sine wave.

In order to drive the junctions with broad-band pulse wave-
forms at microwave frequencies, the junctions are fabricated
along the center conductor of a coplanar waveguide. It is also
necessary to connect dc leads to the junctions to allow measure-
ment of voltage across the junctions. Low-pass filters are re-
quired on these leads to prevent high-speed signal components
from leaving the transmission line and reducing or modifying
the broad-band bias signal that drives the array. We typically
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use a series of on-chip superconducting spiral inductors as the
low-pass filters. Unfortunately, the intrinsic capacitance of these
inductors causes resonances that are in the band of the broad-
band drive signal. The resonances are usually not detrimental
for dc voltage standard circuits that are biased at a single mi-
crowave frequency, provided that the drive frequency is chosen
away from the resonances. The ac Josephson voltage standard
being developed at NIST is driven with a digital bitstream that
is clocked by 10-Gb/s pulses in combination with a 15-GHz
continuous microwave drive for bipolar pulse operation [4], [6].
Using this technique, the NIST ac Josephson system has demon-
strated precision arbitrary waveforms at audio frequencies with
peak voltages up to 0.25 V [7]. To further improve the perfor-
mance of the ac standard and achieve higher output voltages, it
is crucial to have well-engineered on-chip low-pass filters and
to eliminate the resonances in the frequency range from 0.1 to
20 GHz.

In this paper, we present new filters that show improved per-
formance. Measurements of the frequency dependence of con-
stant-voltage steps of previous circuit designs showed that res-
onances reduced the current range of these steps at a number of
frequencies above 1 GHz. Simulations showed that these res-
onances were due to the on-chip inductors and that they could
be damped by resistively shunting the inductors. We fabricated
Josephson-junction circuits with these shunted-inductor low-
pass filters, and confirmed the improved performance in the
frequency dependence of the constant-voltage steps. A corre-
sponding performance improvement was also observed in the
pulse-driven ac standard.

II. SIMULATION

The circuit for the ac Josephson voltage standard is shown
schematically in Fig. 1. The Josephson junctions are placed in a
coplanar transmission line that is connected via a coaxial cable
to the pulse and microwave sources, which in Fig. 1 are rep-
resented by the voltage source . The voltage source has an
output impedance of 50 and the transmission line is termi-
nated by an on-chip resistor . The low-pass filters,
represented by LPF in Fig. 1, are used for measuring the low-fre-
quency output voltage across the array and also for injecting an
additional low-frequency bias to the Josephson array. The fil-
ters consist of a series of superconducting spiral inductors, and
in some designs, each inductor is resistively shunted. Two leads
are attached to the measurement side of each filter, for a low-fre-
quency four-point measurement of the junctions.

Ideally, a low-pass filter would have a large inductance
and no parasitic capacitances. However, real inductors have
capacitance between overlaps, turn-to-turn capacitance, and
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Fig. 1. Schematic diagram of the Josephson voltage standard. V represents
the combined broad-band pulse and microwave source, and LPF represents the
on-chip low-pass filter.

Fig. 2. Simple model of the spiral inductor showing the parasitic capacitances.

self-capacitance—all of which degrade the high-frequency
performance of the filter. In our circuit simulations, the spiral
inductor is modeled as shown in Fig. 2, where the parallel
capacitance and the parasitic capacitance are considered
in addition to the inductance . In the simulations, the circuit
is open after LPFs, i.e., neither the low-frequency leads that
run up the cryoprobe nor the measurement apparatus connected
to the leads are considered, because they have much larger
inductance than the spiral inductors, and thus, do not produce
resonances in the frequency range of interest, 0.1–20 GHz. For
simplicity, the Josephson junctions are modeled as lumped-el-
ement 0.1- resistors, which should be a good approximation
for these frequencies. We used a SPICE-based simulator for
these calculations.1

In general, resonances may be damped by shunting elements
with resistors. Three possible damping configurations are shown
in Fig. 3. The configuration shown in Fig. 3(b), in which the re-
sistor is in series with the inductor, does not preserve zero dc
resistance for our output voltage measurement, so this configu-
ration was not chosen. Simulations and experiments of the shunt
resistor that is capacitively coupled to ground, as in Fig. 3(c),
confirm that it also effectively damps the resonances. Although,
unlike Fig. 3(b), the filter resistance in Fig. 3(c) is still zero, it
has the drawback that the capacitively shunted resistor may be-
come leaky due to fabrication errors. For these reasons, we con-
centrate our discussion in this paper on the shunt configuration
shown in Fig. 3(a), where a resistor simply shunts each spiral
coil inductor.

Before using resistive shunts, we optimized circuit perfor-
mance by using a low-pass filter consisting of six identical series
inductors, thus minimizing the number of resonance frequen-
cies. Fig. 4(a) shows the simulated ac current flowing though
the Josephson junctions as a function of the frequency for this
structure, each with (dashed) and without resistive shunts. The
ac current is normalized to the dc value. In Fig. 4(a), each filter
has six identical inductors with nH, pF,

1http://www.linear.com/company/software.jsp

Fig. 3. Possible configurations for damping the resonances with a resistor.

Fig. 4. Simulated ac current through the Josephson junctions in Fig. 1. Each
filter has either (a) six identical or (b) eight cascaded series inductors. Both in
(a) and (b), the inductors are resistively shunted in the dashed upper trace only.
For clarity, the origin of the upper trace is shifted upwards by 0.1.

and fF. In the solid trace, the inductors are not re-
sistively shunted, while in the upper dashed trace each inductor
is shunted by . The origin of each upper trace is offset
for clarity. Thus, the two traces are similar except for the res-
onant dips, showing that the resonances are eliminated by the
resistive shunts.

In order to improve our circuit performance, we wished to de-
crease the cutoff frequency of our filters by increasing the total
on-chip inductance. That is the reason we used six identical se-
ries coils for the data shown in Fig. 4(a). To further increase the
inductance, we also investigated filters of series inductors with
increasing values of inductance. We had hoped that cascading
several small inductors would be better than having one large
inductor because the capacitance for each inductor would be
smaller, driving the resonance to higher frequency such that it is
no longer in the bandwidth of the drive signal. Furthermore, we
expected that the small coils at the beginning of the chain would
cut off higher frequency signals that may resonate in larger coils
further down the chain.

Through many experimental circuit designs, we found that
more resonances appeared when the inductors are not identical,
because coils of different sizes added different resonance fre-
quencies. Our observation that resonances are more abundant
with many nonidentical inductors is confirmed by our simula-
tions, as shown in the solid trace of Fig. 4(b). The lower trace
of Fig. 4(b), for eight different inductors with no shunt resistor
( –25 nH, –0.4 pF, and –23 fF), has
more resonances than the six identical coils in the lower trace
of Fig. 4(a).

Fortunately, the resonances in the lower trace of Fig. 4(b) are
also eliminated by resistively shunting the inductors. The circuit
for the upper dashed trace of Fig. 4(b) (again offset for clarity) is
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Fig. 5. Photograph of an on-chip low-pass filter (Type 3). Each Nb spiral
inductor is shunted by a PdAu resistor.

the same as the lower trace except that each inductor is shunted
by a range of resistances ( ). The resonances are
clearly removed in the upper trace by the shunt resistors. We will
show in Section IV that the simulation reproduces the behavior
of the actual circuit reasonably well.

III. EXPERIMENT

We fabricated arrays of superconducting Josephson junctions
on oxidized Si wafers of 76 mm (3 in) diameter using standard
photolithography [8]. The junctions used in this experiment
were Nb MoSi Nb MoSi Nb, double-stacked supercon-
ductor–normal metal–superconductor (SNS) junctions [9]. Each
array has stacks junctions per stack junctions.
The size of the junctions was m and the thickness of
their barriers was nominally 22 nm.

We characterized the junctions at 4 K by immersing the re-
sulting 1 1 cm chips in liquid He using a cryoprobe with
spring fingers that electrically contact the chip. For the junction
arrays reported in this paper, we obtained mA
and m , where is the critical current and
is the normal resistance per junction. The characteristic voltage
of V, resulting from the 22-nm MoSi barrier, is
consistent with the earlier results [10].

Concerning the filter designs, we report the following three
types: six identical inductors in series with no shunt resistor
(Type 1), six identical inductors, as in Type 1, except each in-
ductor is shunted with a 50- resistor (Type 2), and eight cas-
caded inductors with increasing inductance and with each in-
ductor having a separate shunt resistor with values from 50 to
91 (Type 3, see Fig. 5 for a photograph). Type 1 is the con-
ventional NIST design used in previous ac work. The values of

, , and used in Fig. 4(a) are the estimates for Types 1
and 2, and those in Fig. 4(b) are for Type 3. For the estimate of
the coil inductors, we used an online inductance calculator2 that
is based on [11].

For testing purposes, Josephson arrays were driven with a
continuous-wave microwave source. For frequencies above
8 GHz, a microwave amplifier was used to produce sufficient
amplitude to suppress the zero-voltage step.

IV. RESULTS AND DISCUSSION

Typical – characteristics of the Josephson arrays are
shown in Fig. 6. The – curve shows constant-voltage Shapiro
steps when the junctions are driven with microwave bias. The
steps are at integer multiples of mV
for the number of junctions and the GHz
drive frequency.

2http://smirc.stanford.edu/spiralCalc.html

Fig. 6. I–V characteristics of an array of 2560 SNS Josephson junctions with
and without microwave irradiation.

Fig. 7. Frequency dependence of the n = 0 and n = 1 Shapiro steps for
N = 2560 Josephson-junction arrays. In each frame, the bottom trace shows
the n = 0 step, whereas the other traces denote the lower and upper limits
of the n = 1 step. To maximize the n =1 step, the microwave power was
monotonically increased with frequency so as to compensate for the loss in the
coaxial cable and connections, as well as for the junction dynamical properties.
A microwave amplifier was used above 8 GHz, but not at low frequencies.

Shapiro steps were measured over a broad frequency range
in order to characterize the on-chip low-pass filters. As the
microwave source was stepped in frequency, the limits of the

and Shapiro steps were measured and plotted as
in Fig. 7. This method of characterization has been previously
employed at NIST [12] to characterize operating margins of
the ac Josephson voltage standard. Note that a measurable

step appears in all three plots for frequencies above
about 5 GHz. In Type 1 [Fig. 7(a)], however, the step
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Fig. 8. Frequency dependence of the critical current (n = 0 Shapiro step)
for Type 3. The microwave power was monotonically increased with frequency
so that the critical current becomes about 3 mA on average. No microwave
amplifier was used.

disappears around 8 GHz, and is also significantly smaller
near 12 and 16.5 GHz. These resonances have been common
to many NIST designs [12], and indicate that there is some
deviation from the designed microwave distribution at these
frequencies, which is unfavorable for the ac voltage standard.
Because the step increases at the same time, the data
suggest that much lower microwave power is reaching the
array, and that the microwave bias that does reach the array
has a poor distribution across the array, leading to smaller

steps. These features can be qualitatively related to the
dips in the simulation of Fig. 4(a). The features in Fig. 7(a) are
not as sharp as the dips in Fig. 4(a); however, this difference
would be reasonable when we note that in actual circuits
there should be dissipation mechanisms, such as coupling to
the environment, which will broaden the resonances. More
importantly, the features are eliminated by resistively shunting
each on-chip spiral inductor, as shown in Fig. 7(b). The circuits
for Figs. 7(a) and (b) were fabricated on the central region of
the same wafer, and the features in question were observed
for multiple Type 1 chips, as were the expected absence of
these resonances for multiple Type 2 chips. The circuits for
Fig. 7(c) were fabricated at the same time as well, but on a
different wafer; however, this wafer also had the designs for
Fig. 7(a), which showed similar results. Thus, the difference
between Figs. 7(a) and (b) is due solely to the shunt resistors.
Furthermore, the traces in Fig. 7(c) for the cascaded series
of shunted inductors are apparently resonance free, like the
behavior shown in Fig. 7(b), indicating that the shunt resistors
are also effective for the case in which the filters have a
number of inductors with a range of values.

We have also confirmed by measuring the critical current
( Shapiro step) that in all three types there are no large res-
onances at lower frequencies (down to 0.1 GHz). An example
of this measurement is shown in Fig. 8 for a series of shunted
inductors as in Fig. 7(c). Down to 0.1 GHz, the curve is rel-
atively featureless. There are probe-related resonances below
0.1 GHz, but fortunately, the frequencies of the resonances are
low enough that there is little impact on the operating margin of
the ac Josephson voltage standard.

On previous ac Josephson circuits, the number of taps per
array was limited, because the additional associated resonances
severely degraded the operating margins [6]. When two taps
were put on each side of the Josephson array, which is necessary
for true four-point ac measurements, no operating margins were

obtained. However, using the shunted filters, we have been able
to obtain appreciable operating margins even for circuits with
four separately filtered taps across the Josephson array. This has
allowed the first metrological ac measurements to be made using
Josephson arrays.

V. CONCLUSION

Based on the circuit simulations, we have designed and char-
acterized on-chip low-pass filters for ac Josephson voltage stan-
dards. The filter consists of a series of spiral inductors, in which
each inductor is resistively shunted. We have confirmed that the
shunted-coil filters indeed produce no resonances at frequencies
between 0.1 and 20 GHz, as predicted by the simulations. Using
these filters, we have achieved improved operating margins of
the ac Josephson voltage standard and the first true four-point
ac Josephson measurements.
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